Power electronics technique has become a key technology in solid-state pulsed power supplies. Since pulsed power applications have been matured and found its way into many industrial applications, moving toward energy efficiency is gaining much more interest. Therefore, finding an optimum operation condition plays an important role in maintaining the desired performance. Investigating the system parameters contributed to the generated pulses is an effective way in improving the system performance further ahead. One of these parameters is discharge polarity which has received less attention. In this paper, effects of applied voltage polarity on plasma discharge have been investigated in different mediums at atmospheric pressure. The experiments have been conducted based on high voltage DC power supply and high voltage pulse generator for point-to-point and point-to-plane geometries. Furthermore, the influence of electric field distribution is analyzed using Finite Element simulations for the employed geometries and mediums. The experimental and simulation results have verified the important role of the applied voltage polarity, employed geometry and medium of the system on plasma generation.
INTRODUCTION
Varied studies have been conducted on employing pulsed power technology in plasma generation for more than a decade. With the new advent in power electronics area, pulsed power systems have become more compact, reliable, adjustable and efficient [1] [2] [3] [4] [5] . This makes the pulsed power system suitable for different applications such as industrial [1, [5] [6] [7] and biomedical [5, 8] . Moving towards commercializing pulsed power systems has become a major goal and therefore the system efficiency turns out to be the main concern especially for industrial applications. Even with the use of new emerging power semiconductor technology the operating range of pulsed power systems are still limited. Hence, many researches have focused on exploring alternative topologies which can remedy such problem [1] [2] [3] [4] 9] . Moreover, extracting the effective parameters on pulsed power system performance which can result in higher efficiency and consequently optimum operation has been studied recently [3, 6] . The influence of these well-known parameters such as voltage level, repetition rate, power level, and rise time has been investigated for different applications. However, one of the outmost effective parameters the voltage polarity has received less attention across the others.
Generally, plasma discharge depends on three factors of applied voltage, geometry and ambient. The applied voltage can be effective in terms of voltage level, rise time and repetition rate. Geometry includes the electrodes arrangement and shape. Depending on the applications requirement and specifications different electrodes arrangements such as point-to-plate and multi point-to-plate can be used. Usually two asymmetric electrodes involves in plasma generation. One highly curved (such as a small diameter wire) and one of low curvature (such as a plate). High potential gradient forms around the high curvature electrode. The ambient is also important feature which completely depends on the application and affects the voltage level (due to different dielectric strength) and electro-chemical process happens after plasma generation. The influence of these parameters can be studied through analyzing the electric field distribution between electrodes. Figure 1 illustrates simple block diagrams for pulsed power systems with different electrodes arrangements.
Plasma discharge can be positive or negative, determined by the polarity of the applied voltage across electrodes with a high potential gradient [10] . The characteristics of positive and negative plasma are totally unlike [11] [12] [13] [14] [15] [16] [17] . This difference causes varied phenomena, which can be advantageous in varied applications and more importantly optimizing the pulsed power system. In addition to the positive and negative plasma influences, investigating the effect of three aforementioned features on plasma polarity is also vital. Such information not only helps to sustain the required polarity, but also contributes to optimum operating condition. Table 1 gives a brief overview on applications for different types of plasma including the associated geometry, applied voltage and medium. As can be seen positive discharges have been applied in varied geometries and medium comparing with negative one. The reason, which is pointed out later in this paper, can be explained due to the higher electric field break-down for negative discharge conditions. However, this defect actually makes the negative discharges to be suitable for specific applications [15] [16] [17] [18] . Moreover, the applied voltage waveform (DC or AC) totally depends on the employed pulsed power supply, required energy and application requirements. For example, high voltage AC pulse generators provide more flexibility in terms of controlling the repetition rate and output power, while high voltage DC supplies can provide strong shockwaves inside the liquid medium.
In this paper, the effect of the applied voltage polarity on the generated plasma is studied in different ambient and geometries. The important role of electric field distribution on discharge polarity is analyzed using Finite Element simulations of the system in different geometries and ambient. The difference in negative and positive plasma is first investigated in gas-liquid ambient by applying a high DC voltage. Further on, a high voltage AC waveform is applied, in order to verify the obtained results. The measured results illustrated the unlike behavior of the positive and negative plasmas.
EFFECTS OF ELECTRIC FIELD DISTRIBUTION
The polarity of plasma discharge depends on the electric filed distribution between the two electrodes. The applied voltage polarity on the electrode/s with higher electric field strength defines the polarity of the plasma discharge. However, the influence of employed geometry and ambient on electric field distribution should be taken into account, which varies from case to case.
To show the effect of geometry, Finite Element simulation for electric field distribution has been considered for two point-topoint ( Figure 1(a) ) and point-to-plane ( Figure 1 (b)) geometries. Figure 2 illustrated the electric field distribution resulting from the applied voltage in the air ambient. Figure 2 (a) shows, the electric field distribution for two electrodes in point-to-point arrangement. As can be seen, the high electric field strength across each electrode is concentrated equally. On the other hand, point-to-plane situation (see Figure 2 (b)) forms a significant different distribution which results in a high electric field strength across the point electrode. Therefore, the polarity of the applied voltage on the point electrode in the latter one is defined as a discharge polarity.
In addition to the employed geometry, the ambient also plays important role on electric field formation. To examine such effect the electric field distribution was simulated for both aforementioned geometries in gas-liquid (air-water) medium. In this case, the high electric field strength for both geometries appears across the point electrode (see Figure 3 ). This is due to the fact that the water conductivity makes almost the electric field distribution for both geometries similar. Therefore, the ambient can alter the electric field distribution regardless of the employed geometry. Here, the water conductivity was selected to 
Application Geometry Discharge Polarity
Applied Voltage
Medium
Sterilization [8] Point-to-plane Positive HV-DC Air-water Air purification [18] Point-to-plane Negative HV-DC Air Exhaust gas emission reduction [6] Multipoint-to-plane Positive HV-AC Exhaust gas and air mixture
Water ozonization [19] Multipoint-to-plane Positive HV-AC Air-water Volatile organic compounds treatment [13] Point-to-plane Positive HV-DC Water Table 1 . Overview of different pulsed power applications with associated experimental conditions 3 be as 200 µS/cm same as the used tap water in the experimentation phase.
EXPERIMENTAL SETUP AND METHODOLOGY

3.1.
Discharge Chamber A conventional discharge chamber to conduct plasma discharges with different geometries and ambient is designed as shown in Figure 4 . The configuration of the discharge chamber directly affects the total system performance since it is directly related to the employed geometry and ambient. Figure 4 depicted the discharge chamber developed for this study with point-toplane arrangement at a gas-liquid interface of air and 100ml tap water (200 µS/cm). The point electrode was a copper rod of 1.5 mm and the plane electrode was a flat-round copper plate of 65 mm in diameter. There was a discharge gap of ~ 2.5 mm between the point electrode and the liquid surface at gas-liquid ambient. Notably, the effect of the plate electrode connection considering the discharge chamber width was neglected in the simulation results presented in the previous section. Depending on the discharge chamber dimension the electrode connection may affect the electric field distribution.
3.2.
Pulsed Power Topology To investigate the pulsed power discharge polarity, two different types of DC and AC voltage waveforms have been considered. Therefore two different pulsed power topologies were employed [3, 4, 6] . Here, the circuit schematic and experimental arrangement for both pulsed power system are presented and briefly explained. The solid-state pulsed power supplies are from resonant step-up converter category, since both benefit from the capacitive behavior of the load due to the discharge chamber arrangement.
To generate high DC voltage a modular pulsed power supply based on flyback topology is employed as depicted in Figure 5 . The main reasons that such topology has been adopted are [4] :
 Ability to generate high-voltage output from low input DC voltage.
 It is a good candidate for the pulsed power applications with R-C characteristics since it has a current source behavior.
 The transformer in addition to electrical isolation and energy storage, also steps down the reflected voltage across the power switch.
 It is fault tolerant, as the power switch is in off-state during the output pulse.
The operating principle of a flyback converter is based on the stored energy in the magnetizing inductance of the transformer and the transfer of the charged to the output [9] . However, to fulfill the pulsed power applications requirement this results in a bulky transformer. To remedy such a problem series connection of the flyback converters is introduced in [4] . Therefore, the injected energy to the output is multiplied by the number of the series connected modules (here ten). Since the power switches at the primary side need to be switched simultaneously, the number of the power switches at the primary side should be kept as low as possible (here two). This is due to the presence of different turn-on and turn-off delays of the power switches. Figure 6 shows the experimental setup for the employed modular flyback topology. Here, 1700 V IGBT modules (SKM200GB176D) are used as power switches. Semikron Skyper 32-pro gate drive modules are utilized to drive the IGBTs and provide the necessary isolation between the switching-signal ground and the power ground. Four 1000 V diodes, STTH3010, are connected in series for each module. A Texas Instrument TMSF28335 DSC (Digital Signal Controller) is used for PWM signal generation. Each step-up transformer is designed with an UU100 core 3C90 grade material ferrite from Ferroxcube with N 1 = 4 and N 2 = 40. As can be seen each flyback module has a C o = 10 nF capacitor across the output, which results in total output capacitance of 1 nF. In order to maximize the output voltage and rate of rise the total output capacitance of the pulsed power supply (here 1 nF) should be much larger than that of discharge chamber capacitance [4, 8, 9] .
To generate high voltage AC waveform, a push-pull topology was employed [3, 6] . Figure 7 depicted the circuit schematic of the pulsed power supply topology. The push-pull inverter contains two switches that are driven with respect to ground. The two switches S 1 and S 2 are switched alternately with a controlled duty ratio to convert input DC voltage into high frequency AC voltage.
By adding the discharge chamber as a load, the presence of the air gap capacitance turns the push-pull inverter into a resonant stage with approximately a sinusoidal output voltage waveform. The frequency of the semi-sinusoidal shape signal is determined by an LC circuit comprising of the transformer inductance and capacitances of chamber and the transformer. The generated waveform shape also highly depends on the duty cycle of each switching signals. In addition, to achieve continuous waveform such as sinusoidal an overlap between the switching signals should be considered. The bipolar voltage generation capability of this topology is of interest for sustaining nonthermal plasma in Dielectric Barrier Discharge (DBD) loads, as the bipolar voltage prevents from arcing by clearing charges across the electrodes during each cycle. Figure 8 illustrates a typical generated waveform of the pushpull converter. As it can be seen, the generated waveform is comprises of two portions. The first portion of the output voltage is generated based on the resonant circuit dominated by the magnetizing inductance and capacitance of the transformer with 6 air gap capacitance. The period of this part is ~ 12.5 µs. The second portion is the resonance happening during the switches OFF state between the leakage inductance and the capacitances of the transformer and the air gap. The period of this part is equal to 87.5 µs. Therefore, the generated signal has the repetition rate of 10 kHz. Figure 9 depicted the push-pull topology experimental setup. Here 1200 V IGBT modules, SK75GB123, are used as power switches. The experimental arrangement for gate drive circuit and controller are same as the former one. A center-tapped step-up transformer with an UU100 core 3C90 grade material ferrite from Ferroxcube, are designed with N A = N B = 5 and N S = 300. It is to be noted that as the secondary side of the transformer contains high number of windings, proper insulation need to be applied between each set of windings. For all the experimentation, the output voltage is measured and captured using a Pintek DP-22Kpro differential probe and RIGOL DS1204B oscilloscope, respectively.
RESULTS AND DISCUSSION
Since no difference was observed for point-to-point arrangement in air ambient as discussed in Section 2, to investigate the positive and negative discharges the discharge chamber with point-to-plane geometry at air-water ambient (see Figure 4 ) was selected for experimentation. Here, the air gap was fixed at 2.5mm and the output voltage level was raised to the point where the first observable discharges were occurred.
For the applied DC voltage, positive discharges achieved with 4.3 kV, while in the negative case the voltage level had to be increased to 5.7 kV. To verify this difference, a high voltage pulse generator was also employed. Applying the bipolar voltage waveform showed the significant dependency of the plasma formation on positive or negative polarity of the applied voltage at the point electrode. Figure 10 illustrates the difference between the applied high voltage bipolar pulses for both positive and negative discharges. For better comparison of the applied voltages, the measurements are also made at the point slightly below the breakdown threshold (blue waveform). As can be seen the peak to peak voltage in positive discharge is 11 kVpp while in negative discharge is 13 kVpp. It is to be mentioned that the applied bipolar pulse has 12.5 µs pulse-width and repetition rate of 10 kHz.
The obtained results indicate that for both applied voltage waveforms the negative discharges happen at higher voltage level compare to the positive one. This is due to the fact that the electrons in the positive discharge are accelerated toward the point electrode which increases electron density close to the positive point as illustrated in Figure 11(a) . In the other words, the speed of the streamer developed by the positive applied voltage is greater than that by the negative one [14] . Accelerating high number of electrons increases the possibility of further collisions and hence creation of plasma can occurs at lower electric field strength compared to the negative discharge. However, In the negative discharges the electrons are drift away from the point electrode to the plate which results in distributed impacts (contrary to the positive discharges), which has been depicted in Figure 11(b) . Hence, as a consequence the negative discharges occur at higher voltage level comparing with the positive one.
The results presented govern the presence of the difference between the positive and negative discharges not only in terms of the nature of the phenomenon but also the required voltage level. Having such knowledge is beneficial in increasing the system performance and efficiency in pulsed power applications.
CONCLUSIONS
In this paper, the effect of discharge polarity on plasma formation has been studied through analyzing the electric field distribution. Moreover, the effects of different structural arrangement, medium and applied voltage waveform on the electric field distribution and consequently discharge polarity have been investigated. In conclusion, the effect of voltage FIGURE 10. Measured applied high voltage AC waveform across the discharge chamber in air-water ambient for: (a) positive discharge and, (b) negative discharge. polarity on plasma generation has been observed and explained through different experiments and Finite Element simulations. Voltage polarity for the positive and negative discharges produces significant difference in the required voltage level. Moreover, the electrodes arrangement and the system medium have major role in electric field formation. This paper provides an insight to the affecting parameters on the discharge polarity using a simple discharge chamber.
With the continuous growth of pulsed power applications more and more sophisticated loads are in use where multitudes of electrode configurations, generated voltage rise time and ambient temperature makes analysis of the electric field distribution significantly complicated. Nevertheless, each pulsed power application represents different challenges which impose varied geometrical requirements. The achieved results in this paper generally indicates that, except especial applications which negative discharges is beneficial, it is more convenient to generate and sustain positive discharges.
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